It has long been known that wild-type phenotypes harbor considerable amounts of 'hidden' genetic variation. A new study has mapped this variation at the nucleotide level and revealed some unexpected properties.
1. The effect of the Scute mutation on the number of bristles on the Drosophila scutellum. In a wild-type fruitfly, the average number of bristles on the scutellum is four, and there is very little variation from this. With one or two mutant Scute alleles, however, the average number of bristles increases and so does the amount of variation. Much of this variation is genetic variation, that is 'hidden' in the wildtype condition. This is a classical example of this phenomenon. [9] . Until now, however, very little was known about the nature of hidden genetic variation itself. Molecular marker studies showed that some of the hidden variation for the bithorax phenotype in Drosophila is associated with the same region in the genome as a known gene with this mutant phenotype [6] , but the precise molecular basis of this variation was not known. Now Gibson and colleagues [2] have reported the results of a massive study which has pushed the association between phenotype to the level of single nuceotide polymorphisms.
Gibson and colleagues [2] studied eye development in Drosophila. It has been known that a dominant mutation of the epidermal growth factor receptor gene, EgfrE1, perturbs eye development, leading to a characteristic 'roughening' of the eye's surface. The Gibson lab crossed this mutant allele into 210 isogenic wildtype lines and scored for the association of single nucleotide polymorphisms (SNPs) with the phenotype. Of 267 SNPs from a 10.9 kilobase sequence covering the Egfr locus, ten showed significant association with the phenotypes and are likely responsible for part of the hidden variation revealed by the presence of one copy of the EgfrE1 allele.
A cynic may say that we already knew that there was genetic variation and that it has in one way or the other to be based on DNA sequence variation, thus the large amount of work by Gibson and colleagues [2] only confirms the obvious. But actually the results are anything but expected, at least not by me. It turns out that the polymorphisms are found both in the coding region as well as in the flanking non-coding regions of the gene, but only one polymorphism in the coding region leads to an amino-acid substitution. All the others are changes in the synonymous sites, changing the codon but not the encoded amino acid. By implication, the gene product is not changed by these mutations. Variation at the synonymous sites of a coding region has been and often is the paradigm of a 'neutral' genetic change, one that is irrelevant to the life of the organisms [10] . But the synonymous SNPs at the EgfrE1 locus have a measurable effect on eye development. What does this tell us about the nature of phenotypic stability?
Gibson and colleagues [2] are careful not to express a definite opinion on why synonymous substitutions contribute to the hidden variation at the EgfrE1 locus. But I will take the commentator's license to speculate a little beyond what their data directly say. It has been known for a while that, under certain circumstances, synonymous codons are not equally likely to occur, as one would expect if they would be really neutral with respect to fitness. This phenomenon is called codon bias, as some codons are more likely to be used in the genome than others. One explanation for codon bias is that the translational efficiency of a gene depends on the availability of tRNAs: if the protein coding gene is using a lot of codons which require rare tRNAs, the rate of translation can be slowed down considerably. This is particularly a problem for genes that have a high level of expression. Accordingly, codon bias is found most strongly in genes with high rates of protein expression, as for instance the alcohol dehydrogenase gene in Drosophila.
Carlini and Stephan [11] have shown recently that it is possible to detect selection acting on synonymous polymorphisms of the alcohol dehydrogenase locus in Drosophila. The degree of codon bias can even be used as a measure of the intensity of gene expression [12] . All that is well established, but the genes that control development are usually not highly expressed, and codon bias tends to be low among genes encoding transcription factor, such as the Hox genes (my unpublished data). In the eye, for instance, the Egfr protein is present for a relatively short period of time and in small amounts. But this does not imply that the rate of translation does not matter for this protein.
Assume, for instance, that Egfr is required during a specific short period of time, but that it has to be absent before and after that period, to avoid unwanted side effects. It stands to reason, then, that the rate at which this protein becomes available can be of critical importance for its function. If this is the case, translational efficiency, and hence codon usage, can be of importance even for a protein that is not expressed in large amounts. And that is what Gibson and colleagues [2] found for Egfr.
An interesting corollary of this finding is that the kind of variation revealed by a sensitized phenotype might be qualitatively different from the kind of genetic variation that is the grist for the mill of natural selection. Adaptive evolution at the molecular level is usually detectable by an increased rate of non-synonymous substitutions, but rarely associated with an increased rate of synonymous substitutions [10] . So it is important to know the molecular nature of hidden variation, particularly in view of the idea that robustness, or canalization, allows the accumulation of potentially useful genetic variation out of view of the judging eyes of natural selection. This idea requires that the hidden variation is, in large part, of the same kind as the known adaptive variation, namely either regulatory differences or amino acid substitutions. If, however, the hidden variation is of a kind that is only expressed under very special circumstances, the adaptive value of this variation might not be very high.
What does this tell us about the nature of canalized developmental pathways? Most likely the stable wildtype phenotype is resistant to slight variations in the translation efficiency of this gene, as it is likely to be produced in the presence of the kind of synonymous substitutions detected by Gibson and colleagues [2] . One way the organism can achieve such stability is by providing an amount of mRNA with a safety margin which ensures a translation rate above the required threshold. Only if the wild-type protein level is diminished by mutation, below the threshold necessary for full function, will the rate of translation make a difference. So it seems likely that threshold behavior is an important way that phenotypes can become robust against small genetic changes. The same conclusion was reached by researchers who modeled molecular genetic regulatory networks and discovered that they exhibit an 'exuberance' of robustness against variations in the rate parameters. Intrinsic threshold effects are what shelters much of the network against deleterious effects of rate changes and presumably against mutational effects [13] . This is a nice convergence of theoretical and experimental work rare in this field of research.
Far from only confirming an existing model for the genetic basis of complex phenotypic traits, the new work of Gibson and colleagues [2] has the potential to fundamentally challenge how we think about the role of genes and genetic variation. Organisms sustain their functional organization against the onslaught of genetic mutations by providing the phenotype with a physiological margin of safety that makes many small effects irrelevant. Hence the effects that become visible when the organisms loses its safety margins in a developmental process are not necessarily the same kind of mutations that are the stuff natural selection sees in producing adaptations.
